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Abstract
The Drosophila eye field that gives rise to the visual system and dorsal head epidermis forms an unpaired anlage located in the dorsal
head ectoderm. The eye field expresses and requires both Dpp and EGFR signaling for its development. As shown in previous studies, EGFR
is required for cell maintenance in the developing visual system. Dpp initially switches on the early eye genes so and eya in the eye field.
Consecutively, high levels of Dpp in the dorsal midline inhibit these genes and promote development of head epidermis. We show that Dpp
negatively regulates EGFR signaling, thereby increasing the amount of cell death in the dorsal midline. By this mechanism, Dpp controls
the formation of a bilateral visual system and indirectly modulates cell death, which is essential for normal head morphogenesis. Loss of
either Dpp or its downstream target, Zen, abolishes head epidermis fate and leads to the misexpression of dp-ERK in the dorsal midline.
The resulting morphological phenotype consists of cyclopia, reduction of cell death, and failure of head involution. Ectopic expression of
activated EGFR inhibits the Dpp target race and thereby causes cyclopia and defective head involution. We discuss possible mechanisms
of Dpp and EGFR interaction in the embryo.
© 2003 Elsevier Inc. All rights reserved.
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Introduction
Inductive signaling mediated by cell–cell interaction
plays an essential role during development in regulating cell
fate specification and regional identity. In vertebrates, a
number of signaling molecules, including members of the
TGF, Hedgehog (Hh), and Fibroblast Growth Factor
(FGF) families, are known to pattern the eye field, an
unpaired anlage included within the anterior neural plate
that gives rise the eye and part of the forebrain (Chiang et
al., 1996; Rubenstein and Beachy, 1998; Crossley et al.,
2001; Kobayashi et al., 2002; Ohkubo et al., 2002). The
convergence of these signals partitions the eye field into
different subdomains, including the hypothalamic primor-
dium, optic stalk, pigment epithelium, and neural retina
(Macdonald et al., 1995; Oliver et al., 1995; Thomas and
Beddington, 1996; Mathers et al., 1997; Pera and Kessel,
1997; Dale et al., 1999). Graded levels of the secreted
morphogen Sonic hedgehog (Shh) regulate the expression
of the determinants Nkx2.1 in the hypothalamus, Pax2 in the
optic stalk, and Pax6 in the retina (Macdonald et al., 1995;
Goodrich and Scott, 1998; Briscoe et al., 1999). Thus, Shh
diverts midline cells away from an eye fate, thereby splitting
the eye field into a left and right eye primordium. In the
absence of Shh, Nkx2.1 and Pax2 are not expressed, and the
midline structures develop as retina, rather than hypothala-
mus and optic stalk, resulting in holoprosencephaly and
cyclopia (Li et al., 1997; Goodrich and Scott, 1998). Mem-
bers of the TGF family, in particular the bone morphoge-
netic proteins (BMPs), are reiteratively deployed through-
out forebrain patterning, initially as an anti-neurogenic
signal during gastrulation, and later to delineate the hypo-
thalamic from the eye primordium (Wilson and Hemmati-
Brivanlou, 1995; Dale et al., 1999). Among the large family
of FGF ligands in vertebrates, FGF8 appears to play a major
role in the development of the forebrain, and is expressed in
the anterior neural ridge encompassing the optic placode
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and the telencephalic midline (Heisenberg et al., 1999;
Shanmuglingam et al., 2000; Crossley et al., 2001; Mar-
tinez-Barbera et al., 2001). Gain-and loss-of-function stud-
ies have shown that FGF8 is required for the specification of
medial fates within the embryonic forebrain (Crossley et al.,
2001; Shanmugalingam et al., 2000). Other FGF members,
including FGF1, FGF2, and FGF9, have been implicated in
the specification of the neural retina and lens (Faber et al.,
2001; Zhao et al., 2001; Park and Hollenberg, 1989, 1991;
Hyer et al., 1998).
Fate mapping and genetic studies have revealed a strong
conservation in the topology and molecular network that
pattern the eye fields of Drosophila and vertebrates (Chang
et al., 2001; Hartenstein and Reh, 2002). As in vertebrate
systems, a region identified as the Drosophila eye field
initially occupies a single domain at a dorsomedial position
within the anlage of the protocerebrum, the insect analog of
the vertebrate forebrain. Signaling pathways separate within
the eye field a narrow midline region from two bilateral
visual primordia that will give rise to the larval eye, the
adult compound eye, and the optic lobe (Fig. 1A). An
important signaling molecule regulating Drosophila eye
field partitioning is the BMP4 homolog, Dpp. Dpp activates
the expression of the early eye genes, including the Six3/6
homolog sine oculis (so), and eyes absent (eya) (Curtiss and
Mlodzik, 2000; Chang et al., 2001). Subsequently, as a
gradient of Dpp is established across the dorsal half of the
early embryo, peak levels of Dpp in the dorsal-most region
direct cells to acquire head epidermal fate, by repressing
within this region the expression of the early eye genes via
the homeodomain-containing factor Zerknuellt (Zen; Chang
et al., 2001). Reduction of Dpp signaling results in cyclopia
where the midline cells are never specified, and the entire
eye field remains unpaired. It appears, thus, that a Dpp
gradient plays a role in the Drosophila eye field that resem-
bles the role of Shh in the vertebrate head. The Drosophila
homolog of Shh, Hh, is expressed and required at a slightly
later stage to specify the primordia of larval and adult eye
Fig. 1. The Drosophila eye field and its derivatives. (A) Schematic of lateral views of the developing eye field at stage 9 (top), stage 14 (middle), and stage
17 (bottom). The eye field gives rise to part of the dorsal head epidermis (he), a subpopulation of protocerebral neuroblasts in the brain, and the visual system
comprised of the adult eye primordia (ed), the larval eye (bo), and the optic lobe (ol). (B–G) Dorsal views of embryonic heads in which so-GAL4-driven
expression of lacZ is detected by antibody (brown). (B) The lacZ reporter gene is first detected at stage 8 as an unpaired dorsomedial domain in the head.
(C) High expression of lacZ persists as an unpaired field (ef) abutting the cephalic furrow at stage 10. (D) At stage 11, the eye field has split bilaterally with
many cells near the midline and cephalic furrow undergoing apoptosis (arrowheads). The remainder of the dorsomedial cells form head epidermis (he). The
lateral wings of the eye field transform into epithelial placodes, the optic lobe placodes (op). (E) By stage 14, the optic lobe placode has differentiated into
larval eye (bo) and optic lobe (ol). (F) Deeper layer of (E) showing that the optic lobe is partitioned into an inner (ioa) and outer (ooa) anlage. (G) Stage
16 embryo. The larval eyes have migrated further anteriorly, and the outer and inner optic anlagen have been refined.
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from within the eye field. Hh activates the transcription
factors atonal (ato) and eyeless (ey), respectively (Saigo et
al., 2000; Chang et al., 2001). Hh, together with Dpp, is later
required in the adult eye primordia, first to reactivate so and
eya in undifferentiated precursor cells, and later to initiate
morphogenetic furrow movement and activate ato in the R8
photoreceptor neurons (Baker and Yu, 1997; Dominguez
and Hafen, 1997; Dominguez, 1999; Curtiss and Mlodzik,
2000).
In Drosophila, FGF signaling is involved in a variety of
morphogenetic processes in the mesoderm and tracheal sys-
tem, but does not seem to be involved in the formation of
the embryonic brain or visual system, given the absence of
expression of the FGFRs Heartless (Htl) and Breathless
(Btl) in the head of the embryo (Wilson and Leptin, 2000;
V.H., unpublished observation). By contrast, another RTK,
the Epidermal Growth Factor Receptor (EGFR), is widely
expressed in the embryonic head. Activation of EGFR sig-
naling by its ligand Spitz (Spi) in the Drosophila embryonic
head can be visualized by the expression of dp-ERK (Gabay
et al., 1997a, b). In the absence of EGFR, dp-ERK expres-
sion is abolished, leading to activation of programmed cell
death (Dumstrei et al., 1998). Recent studies have suggested
that EGFR signaling maintains cell survival by directly
inhibiting apoptosis through the phosphorylation of a mem-
ber of the cell death complex, Head involution defective
(Hid) (Bergmann et al., 1998).
Inevitably, as signals converge, there are multiple levels
of cross-talk between these pathways. For instance, Dpp and
Hh autoregulate one another’s expression during morpho-
genetic furrow movement in the adult eye primordia, and
EGFR attenuates Dpp signaling during wing development
(Borod and Heberlein, 1998; Kubota et al., 2000). In ver-
tebrates, Shh and EGFR antagonize BMP signaling during
dorsoventral patterning and osteogenesis, respectively
(Bernier and Goltzman, 1992; Li et al., 1997; Kiecker and
Niehrs, 2001). In the latter case, the EGFR pathway was
found to directly regulate BMP signaling by phosphorylat-
ing downstream Smad proteins and preventing them from
entering the nucleus to activate target genes (Kretzschmar et
al., 1997). A similar antagonism has been found in the
development of the wing imaginal disc of Drosophila,
where EGFR inhibits the wing-promoting function of Dpp
and instead promotes a proximal leg fate (Kubota et al.,
2000). Previous studies from our laboratory suggested that
a similar relationship exists between EGFR and Dpp sig-
naling during the development of the Drosophila eye field.
Thus, ectopic activation of EGFR signaling causes a cy-
clops phenotype similar to that one observed in hypomor-
phic alleles of dpp or loss-of-function of zen (Dumstrei et
al., 1998). In this paper, we address the interaction between
Dpp and EGFR signaling in more detail. Our findings dem-
onstrate that peak levels of Dpp in the dorsal midline neg-
atively regulate EGFR activity. The biological role of the
decreased level of EGFR is to allow cell death and, con-
secutively, head involution to occur. Loss of either Dpp or
Zen function abolishes dorsal midline fates and leads to the
misexpression of dp-ERK and the early eye genes so and
eya at the midline. Ectopically induced EGFR activation
can overcome the Dpp mediated-repression by possibly
inhibiting nuclear localization of the Smad homolog, pMad,
and transforming midline cells into an eye fate.
Materials and methods
Fly stocks
Flies were cultured on standard yeast–apple juice–agar
medium. Oregon R flies were used as the wild-type stock.
The following lines were used in this study: dppHin56, zen4
(Chang et al., 2001); a PlacZ insertion in sine oculis (so-
lacZ) (Cheyette et al., 1994); Egfrl5 (flb2G31), aosd7, yane2d,
Fig. 2. Dpp and EGFR activation in the eye field. (A) Stage 6, dorsal view,
of pMad expression which shows activation of Dpp pathway in the dorsal
head. (B) By stage 7, the pMad domain narrows, indicating peak levels of
Dpp at the dorsal midline and a commitment of these cells to become head
epidermis (he). (C) dp-ERK expression (red), which monitors EGFR acti-
vation, is expressed in two stripes in the head. The posterior stripe (ps)
overlaps with the eye field as visualized by so-lacZ (green). (D) Stage 10,
dorsal view, of dp-ERK expression. The posterior stripe has split bilaterally
and is maintained in the optic lobe placode (op), which will give rise to the
optic lobe and larval eye. (E) Dorsal view of rho expression in stage 6
embryo showing anterior stripe (as) and posterior stripe (ps) similar to
dp-ERK shown in (C). Rho is a positive regulator of EGFR signaling. (F)
aos, a negative regulator of EGFR signaling, is expressed at a similar stage
and pattern as rho and dpERK.
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hs-rhoIC (Dumstrei et al., 1998; kindly provided by the
Bloomington Stock Center). The following driver lines and
UAS constructs were used: daGAL4 (kindly provided by
Dr. J. Campos-Ortega), UAS-EGFRDN (Bloomington Stock
Center), and UAS-EGFRact (kindly provided by Dr. U.
Banerjee). An so-GAL4 stock was generated by P-element
replacement (Sepp and Auld, 1999). Heat-shock-induced
rho expression was carried out as described in Dumstrei et
al. (1998).
Immunohistochemistry
Embryos were dechorionated and fixed in 4% formalde-
hyde containing PT (1% PBS, 0.3% Triton X-100) with
heptane, with the exception of anti-dpERK-labeled embryos
in which 1 mM sodium orthovanadate was added to the
fixation solution. Embryos were then devitellinized in meth-
anol and stored in ethanol before labeling with antibody,
following the standard procedure (Ashburner, 1989). Ex-
pression of -galactosidase in so-lacZ was detected with a
polyclonal anti--galactosidase antibody (Upstate Biotech-
nology) at a dilution of 1:500. A monoclonal anti-dpERK
antibody (Sigma; REF) was used at a dilution of 1:200 to
detect dually phosphorylated MAPK. Monoclonal antibody
anti-Fasll (Grenningloh et al., 1991) was used at a 1:1000
dilution to detect Fasll. A polyclonal pMAD “PS1” anti-
body (Teleman and Cohen, 2000; kindly provided by Dr. T.
Tabata) was used at a 1:1000 dilution to detect pMad.
In situ hybridization
Embryos were dechorionated and fixed in phosphate-
buffered saline (PBS) containing 5% formaldehyde and 50
mM EGTA and stored in ethanol. They were then treated
with xylene and fixed for a second time in PBS containing
0.1% Tween 20 and 5% formaldehyde. The embryos were
then hybridized with probes synthesized using digoxigenin-
labeled UTP (Boehringer) according to standard protocol
(Tautz and Pfeifle, 1989). Anti-digoxigenin antibody
(Boehringer) was used according to the manufacturer’s in-
structions to detect hybridized probe, after which the em-
bryos were dehydrated in ethanol and embedded in Epon.
Probes
Plasmid pBS-pF3k (Cheyette et al., 1994) linearized with
BamHI was used as template to synthesize the so RNA
probe. pBS:eyal (Bonini et al., 1993; kindly provided by Dr.
F. Pignoni) plasmid linearized with SalI was used as tem-
plate to make the eya RNA probe. pKS-race (Rusch and
Levine, 1997; kindly provided by Dr. M. Levine) plasmid
linearized with HindIII was used as template to make the
race RNA probe.
Results
The Drosophila embryonic eye field
The Drosophila eye field forms an unpaired anlage lo-
cated in the dorsoposterior head ectoderm. Initially, it can
be distinguished by the expression of the early eye gene,
sine oculis (so; Cheytte et al., 1994). Starting around gas-
trulation, the eye field undergoes profound morphogenetic
movements and splits up into different components, includ-
ing the larval eye/Bolwig’s organ (BO), the adult eye pri-
mordium, the inner (IOA) and the outer optic lobe (OOA),
the dorsal head epidermis, and dorsomedial protocerebrum
(Fig. 1A; Green et al., 1993; Hartenstein and Reh, 2002, for
recent review). Partitioning of the eye field was followed by
using a new so-GAL4 driver line derived from P-element
replacement of an so enhancer trap (Sepp and Auld, 1999;
Fig. 1B–G). Using lacZ as a reporter gene, we found that
so-GAL4 reproduced the same expression patterns as the
original enhancer trap line and the endogenous so mRNA.
However, expression of the reporter was delayed due to the
inherent nature of the GAL4-UAS system, and was not
observed until stage 8 of embryogenesis in a small field of
cells. Initially, the unpaired eye field expresses  gal (Fig.
1B). During the 2 h following gastrulation, the eye field
splits into the bilaterally symmetric optic placodes, whilst
cells in the dorsal midline flatten and become head epider-
mis, or undergo apoptotic cell death (Fig. 1C and D). During
late stage 12, the optic placode invaginates and forms the
optic lobe that attaches to the central brain (Fig. 1A, F, and
G). A small group of cells which will form the larval eye
stays at the surface and is pulled away from the optic lobe
during the course of later development (Fig. 1A, E, and G).
Neuroblasts derived from the eye field migrate medially and
produce clusters of neurons that will later form axonal
connections in part related to the visual system of the larval
brain (not shown).
Dpp and EGFR signaling pathways are activated
independently of each other in the embryonic eye field
The activities of Dpp and EGFR signaling were moni-
tored by the distribution of activated forms of their down-
stream effector molecules, pMad and dp-ERK, respectively.
We had previously shown that dpp and pMad are both
activated in the dorsal region of the head which encom-
passes the unpaired eye field, and that graded levels of Dpp
are required for the development of structures arising from
this anlage, including a bilateral visual system (intermediate
levels) and a midline head epidermis (high levels; Chang et
al., 2001). Specification of the head epidermis occurs early
during embryogenesis and correlates with the convergence
of the pMad-expressing domain from a broad domain into a
narrow field of only three to four cell diameters width, thus
reflecting the highest levels of Dpp activity (Fig. 2A and B).
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As cells in this domain proliferate and differentiate, they
expand and partition the visual primordium bilaterally.
Dp-ERK is detected shortly after gastrulation at stage 7
in two domains, a bilaterally symmetrical anterior stripe and
an uninterrupted posterior stripe that overlaps with the eye
field (visualized in Fig. 2C by the expression of a so-lacZ
construct; Gabay et al., 1997a, b; Dumstrei et al., 1998). In
subsequent stages, the anterior stripe is reduced to a few
labeled cells, while the posterior stripe splits bilaterally,
with high expression maintained within the optic lobe pla-
code, where it later functions to recruit photoreceptor neu-
rons for the larval eye (Fig. 2D; Daniel et al., 1999). Dp-
ERK in the head was previously shown to be activated
solely by EGFR signaling and no other RTK pathways
(Gabay et al., 1997a). The distribution of Dp-ERK coin-
cides with the expression patterns of the negative and pos-
itive regulators of EGFR signaling, Argos (Aos) and Rhom-
boid (Rho; Fig. 2E and F). In the head, both aos and rho
mRNA are localized dorsally in two stripes, with the pos-
terior stripe splitting into two bilateral domains at concur-
rent times with dp-ERK.
Given that, at an early stage, dp-ERK expression and
Dpp signaling as monitored by pMad activation overlaps in
the dorsal head, we asked whether it was possible that the
EGFR signaling cascade could be triggered by Dpp. This
turned out not to be the case, since the initial expression
pattern of dp-ERK in the head was normal in dpp-embryos
(Fig. 3B), which suggests that the mechanism responsible
for triggering the EGFR cascade may involve one of the
early head gap genes or perhaps a maternally derived factor.
EGFR signaling is also not required for the activation of the
Dpp pathway, as indicated by the presence of pMad in an
EGFR loss-of-function background (Fig. 3D). Concurrent
with this finding, loss of EGFR (in conjunction with the H99
deficiency which suppresses cell death) is compatible with
the full appearance of the visual system and head epidermis
(Dumstrei et al., 1998).
Dpp signaling negatively regulates EGFR signaling
at the dorsal head midline which allows
for morphogenetic cell death
The splitting of the posterior dp-ERK stripe at the gas-
trula stage reflects the partitioning of the eye field into
dorsomedial head epidermis and optic placode, caused by
the Dpp-mediated downregulation of early eye genes, such
as sine oculis (so), at the dorsal midline (Chang et al., 2001).
This raises the question of whether EGFR signaling may be
similarly downregulated by Dpp in the dorsal midline. To
test this hypothesis, the activation of dp-ERK in a dpp and
zen mutant background was examined. In dpp hypomorphic
and zen mutant embryos, the dorsomedial head epidermis
fails to develop as reflected by the presence of a continuous
optic placode across the dorsal midline (Fig. 4B and C).
Similarly, the posterior dp-ERK stripe remains undivided
along the dorsal midline of these mutants, which suggests
that a high level of Dpp, followed by Zen activation, is
required for downregulation of EGFR signaling (Fig. 4D–F;
compare with Fig. 2F).
Previous studies suggest that, in the embryonic head, a
major function of EGFR activity is to block apoptotic cell
death (Dumstrei et al., 1998, 2002). Nassif et al. (1998)
showed that the apoptosis activating gene reaper (rpr) is
activated in wide domains in the head during early embry-
ogenesis. As a result, a certain proportion of cells from
within these “pre-apoptotic domains” dies. Spatially con-
trolled cell death is indispensable for normal head morpho-
genesis, as attested to by the fact that, in rpr mutant em-
bryos, the normal fusion process of head segments fails and
head involution (the process by which the head is retracted
into the body) does not occur (Nassif et al., 1998). EGFR
signaling is activated in a pattern that largely overlaps with
the preapoptotic domains defined by rpr expression (Dum-
strei et al., 2002). In EGFR null mutant embryos, all cells
within these domains die. These observations suggest that
there exist spatially finely tuned mechanisms of local EGFR
inhibition within the preapoptotic domains that determine
which cells will survive and which undergo apoptosis. One
such mechanism is the Dpp signal in the dorsal midline. The
dorsomedial eye field during stages 8 to 10 constitutes one
of the rpr-positive preapoptotic domain, called OL1 (Nassif
et al., 1998: Fig. 5A and B). As the visual primordia move
laterally, the tissue that stays behind develops into a thin
epithelium that becomes part of the head epidermis. Many
cells within this part of the head epidermis undergo apopto-
tic cell death, starting during stage 10 (Fig. 5C, arrow).
Reduction of Dpp signaling, followed by overactivity of
EGFR in the OL1 domain, results in a strongly reduced
amount of cell death, as evident by a lack of acridine orange
labeling along the dorsal midline in dppH56 mutant em-
bryos (Fig. 5D, arrowhead). Thus, Dpp-mediated inhibition
of EGFR signaling is essential for proper apoptotic cell
death to occur.
How does Dpp signaling inhibit the EGFR pathway?
One possible mechanism is that Dpp signaling, through Zen,
controls the transcription of known regulators of the EGFR
pathway, such as Rho, an activator of the ligand Spi, or Aos,
an inhibitor of EGFR. If Dpp regulated aos expression, we
would expect that, in wild-type embryos, aos mRNA ex-
pression is activated at the midline during stages 7 to 9
when the eye field partitions bilaterally. In dpp or zen
mutants, this expression would be missing. However, we
did not observe any detectable levels of aos expression in
the midline of wild-type embryos during this time period,
and the expression pattern was unchanged in mutant em-
bryos (data not shown). Likewise, we did not detect a
noticeable change of rho expression in dpp or zen mutant
embryos compared with wild type. These results indicate
that Dpp signaling impinges on activators of EGFR at the
posttranscriptional level.
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Ectopically activated EGFR transforms midline fate to an
eye fate by inhibiting Dpp signaling
Experiments in the compound eye disc and embryo,
using the temperature-sensitive allele of EGFR (EGFRts),
have revealed a late function for EGFR signaling in recruit-
ing cells to adopt a photoreceptor fate (Dumstrei et al.,
2002). We examined the phenotypic consequence of over-
activating the EGFR pathway at the head midline. Ectopic
expression of activated forms of EGFR (EGFRact) using
either the ubiquitous da-GAL4 or the so-GAL4 driver re-
sulted in cyclopia (Fig. 6B and C). A similar phenotype was
observed in heat shock-induced expression of Rhomboid
(Rho), a positive regulator of EGFR signaling (Fig. 6D).
Furthermore, in the absence of negative regulators of the
EGFR pathway, such as argos (aos) or yan (or aop), the
midline is also transformed into an eye fate (Fig. 6E and F).
We conclude that ectopic EGFR signaling converts midline
fate to a more lateral (visual system) fate.
The results reported above suggest that EGFR activation
antagonizes Dpp signaling. Kretzschmar et al. (1997) re-
ported an antagonistic interaction between EGFR and BMP
signaling in mammalian cell culture, where the Smad pro-
tein is phosphorylated in the linker region by MAPK and
prevented from entering the nucleus to activate downstream
targets. To determine whether ectopic EGFR activation can
antagonize Dpp signaling in the Drosophila embryo, we
looked at the expression of pMad and race mRNA, a down-
stream target of Dpp that marks the dorsal midline. Over-
expression of an activated form of EGFR (EGFRact) with
da-GAL4 or so-GAL4 results in the absence of race in the
medial head epidermis (Fig. 7C and D), as well as the
maintenance of the early eye genes so and eya, in the dorsal
midline of the head (Fig. 7E–H). This clearly demonstrates
that EGFR hyperactivation inhibits Dpp target genes. We
further analyzed the subcellular distribution of pMad in wild
type and EGFR hyperactivated embryos using a pMad spe-
cific antibody (Fig. 7A and B). In the dorsal midline of wild
type embryos, the pMad signal is nuclear (Fig. 7A). Upon
upregulation of EGFR activity, a few cells show cytoplas-
mic localization of pMad (arrows in Fig. 7B), whereas
others maintain nuclear pMad (arrowheads in Fig. 7B). This
finding suggests the possibility that the activated EGFR
cascade inhibits nuclear translocation of pMad.
Discussion
The role of Dpp and EGFR signaling in the eye field
The results of this study indicate that the fate of cells
located in the dorsal midline of the Drosophila embryo, i.e.,
the medial eye field, is diverted from eye/optic lobe to
epidermis/apoptosis by high levels of Dpp and concomitant
inhibition of EGFR. This fate switch can be monitored by
the expression of the early eye genes so and eya, which are
initially turned on in the dorsal midline, but slightly later
disappear from this region. The same applies for the EGFR
signal transducer, dpERK, which is initially active in the
dorsal midline, but is subsequently downregulated. That
Dpp signaling is the crucial agent in the fate switch is
evident from the fact that, in dpp hypomorphs or zen mu-
tants, expression of early eye genes and dp-ERK is main-
tained at the dorsal midline. As a result, larval eye/optic
lobe tissue appears at this position, and the level of apopto-
tic cell death is strongly reduced. Loss of EGFR causes
widespread cell death, not only in the dorsal midline, but in
the entire eye field.
We speculate that cell death plays an important morpho-
genetic role in dorsal head development, perhaps by facili-
tating lateral migration of the visual primordia, and/or re-
ducing dorsal head size in preparation for head involution.
To induce apoptosis, genes of the rpr complex are turned on
in relatively large preapoptotic domains scattered around
the fringes of the procephalic and gnathocephalic territories
of the ectoderm (Nassif et al., 1998). Recent results by
Lohmann et al. (2002) have demonstrated that, among the
patterning genes that upregulate rpr in defined areas of the
head, are Hox genes, such as Dfd, which is responsible for
rpr expression in a crescent-shaped domain (part of pre-
apoptotic domain GNI) in between the mandibular and
maxillary bud. In normal development these two buds fuse.
In embryos lacking Dfd and/or rpr, fusion of the gnathal
buds does not take place. We show here a less direct mech-
anism of inducing cell death in the dorsal head by disinhi-
bition. Thus, following widespread activation of the apo-
Fig. 3. Dpp and EGFR activation are independent of each other in the eye
field. (A, C) Lateral views of dp-ERK and pMad expression in stage 9
wild-type embryos. (B) Lateral view of dp-ERK in dpp mutant embryo,
showing qualitatively normal expression pattern in the head. (D) Lateral
view of pMad in EGFR mutant embryo, where the expression pattern is
also normal. as, anterior stripe; ps, posterior stripe.
108 T. Chang et al. / Developmental Biology 263 (2003) 103–113
ptosis inducer rpr and its inhibitor EGFR in the domain
OL1, an antagonist of the inhibitor, Dpp signaling, becomes
active in the dorsal midline. High levels of Dpp cause both
the “transformation” of dorsomedial tissue into epidermis,
as well as an increased level of cell death.
There exists an interesting parallel between the pattern of
expression and function of Dpp signaling in Drosophila and
vertebrates. Following neurulation in mouse, the Dpp ho-
mologs BMP2 and BMP4, as well as other members of the
BMP family, are expressed in a largely overlapping pattern-
ing in the dorsomedial forebrain vesicle (Furuta et al.,
1997). This domain gives rise to roof plate and choroid
plexus, a nonneural structure. Compared with the laterally
adjacent forebrain hemispheres, the roof plate shows a re-
duced amount of proliferation and a higher amount of ap-
optotic cell death. BMP signaling in the roof plate might be
instrumental in curbing mitosis and enhancing cell death.
Thus, in a tissue explant system in which neural tube was
exposed to BMP proteins, the rate of apoptosis was in-
creased, and proliferation reduced. In the mouse system
discussed above, an involvement of EGFR signaling in the
effect of BMP on cell death was not investigated. Overall,
EGFR seems not to be widely required in early stages of
vertebrate neurogenesis (Kornblum et al., 1997). However,
at later stages, EGFR is expressed widely and plays a major
role in promoting proliferation and migration, and inhibiting
Fig. 4. Dpp and Zen are required to downregulate EGFR signaling at the dorsal midline. (A–C) Dorsal view of stage 12 embryos labeled with anti-Fasll in
wild-type (A), dpp hypomorphic (B), and zen mutant (C) backgrounds. Notice cyclopic phenotype [optic lobe (ol) and larval eye (bo) tissue in dorsal midline]
associated with loss of Dpp function. (D–F) dp-ERK expression at stage 10 is maintained at the midline in dpp null mutant (D), zen mutant (E), and dpp
hypomorphic (F) embryos (compare with Fig. 2D).
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cell death (Lillien, 1995; Lillien and Wancio, 1998; Caric et
al., 2001). This points at a long evolutionary history of both
Dpp/BMP and EGF proteins in neurogenesis, dating back
beyond the bilaterian. ancestor.
Mechanism of interaction between Dpp and EGFR
signaling
We have shown that cross-talk between the Dpp and
EGFR signaling pathways can be bidirectional. In dpp hy-
pomorphs or zen mutants, dp-ERK expression is maintained
at the dorsal midline, suggesting that high levels of Dpp
signaling normally repress EGFR signaling. Interestingly, in
more lateral domains, such as the visual primordia where
there are lower levels of Dpp, dp-ERK expression is unaf-
fected. Because Zen functions as a transcription factor, we
have examined two potential transcriptional targets (rho and
aos) that affect EGFR signaling. In both cases, however, the
expression patterns were normal, suggesting an indirect
interaction between these pathways. This is interesting be-
cause aos transcription has been shown to be induced by
EGFR signaling as part of an inhibitory feedback loop
(Golembo et al., 1996). In the case of the head midline, we
have to assume that the inhibitory mechanism of Dpp via
Zen on EGFR signaling involves an (unknown) posttran-
scriptional mechanism. For example, Zen could trigger the
expression of a factor that blocks the function of Rho in
activating Spi, or the binding of Spi to EGFR. In light of a
study by Ryu et al. (1997), another mechanism is possible as
well. These authors showed that Zen activates the expres-
sion of D-raf. If one were to assume that EGFR is consti-
tutively active in the eye field, D-raf could become the
limiting factor of the signaling cascade. Thus, in wild type,
the level of D-raf in the dorsal midline is such that ERK is
not phosphorylated. In Dpp or zen mutants, D-raf would be
disinhibited, resulting in ERK phosphorylation in the dorsal
midline.
Hyperactivating the EGFR pathway can oppose Dpp
function. In EGFRact mutants, the EGFR pathway can block
Fig. 5. Apoptotic cell death in the dorsal head requires Dpp signaling. (A,
B) Expression pattern of the apoptosis inducer rpr in the eye field (OL1
domain) of a stage 9 embryo (A: dorsal view; B: lateral view). Another
rpr-expressing domain is located further anteriorly (CL1). (C) Acridine
orange labeling of early stage 11 wild-type embryo in dorsal view (top:
focal plane close to dorsal surface; bottom: focal plane at ventral level).
Note dorsomedial and ventrolateral focus of acridine orange-positive cells
(arrow; inset shows enlarged view of dorsomedial apoptotic focus). Bright
contiguous label is caused by autofluorescence of yolk in the center of the
embryo. (D) Acridine organge labeling of stage 11 dppH56 mutant embryo.
Note lack of apoptotic cells in dorsal midline (arrowhead). Ventrolateral
focus of apoptosis is still present (arrow in bottom panel).
Fig. 6. Hyperactivating EGFR signaling leads to cyclopia in the embryonic
head. (A–F) Dorsal views of stage 12 embryos labeled with anti-Fasll
which visualizes optic lobe placode (ol). Overexpression of an activated
form of EGFR or rho (B–D) causes the same cyclopic phenotype as argos
(aos) and yan loss-of-function mutations (E and F, respectively).
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Dpp signaling by directly inhibiting nuclear translocation of
the pMad molecule. Our results are at least in part consistent
with findings from Kretzschmar et al. (1997), who proposed
that direct phosphorylation of pMad by MAP kinase pre-
vents transduction of the Dpp signal. However, many cells
retained a normal, nuclear pMad signal following EGFR
hyperactivation, indicating that other factors are responsible
to mediate the Dpp-EGFR interaction. One possibility is
that the two pathways cross at the level of the downstream
targets, i.e., the early eye genes. It has been reported that
EGFR signaling can directly regulate Eya via MAP kinase
phosphorylation and increase its eye-promoting activity
(Hsiao et al., 2001). In the case of the embryo, a similar
interaction may exist. Thus, although EGFR is certainly not
required to turn on the early eye genes (they are expressed
in EGFR loss-of-function), EGFR hyperactivation could
boost the level of activated Eya in the dorsal midline,
thereby overcoming the Dpp/Zen-mediated inhibition of
this gene. Overall, it seems likely that the cyclops pheno-
type manifested when the EGFR pathway is overactivated
in the eye field is caused by interactions between EGFR and
Dpp signaling that occur at multiple levels, both cytoplas-
mic and nuclear.
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